Introduction
Bunyaviruses are enveloped, RNA viruses, approximately 90 to 100 nm in diameter. The genome consists of three segments of single-stranded, negative-sense RNA (Bishop & Shope, 1979) . Coding assignments for the three segments are: small (S) RNA encodes the nucleocapsid protein (N) and a non-structural protein, NSs; the middle RNA (M) encodes the two virion glycoproteins (G 1 and G2) and a non-structural protein, NSm (Bishop & Shope, 1979) ; the large RNA (L) segment encodes the virion polymerase (Endres et al., 1989) . The functions of the two non-structural proteins are unknown. Due to the segmented nature of the RNA genome of these viruses, gene segment reassortment can occur when two viruses infect and replicate in the same cell. Homologous as well as heterologous reassortment of bunyaviruses can occur (Bishop & Shope, 1979) .
The family Bunyaviridae includes > 250 viruses classified into five genera based on serological and biochemical criteria (Bishop & Shope, 1979) . The genus Bunyavirus contains >100 viruses in 15 serogroups. The California serogroup contains 14 arthropod-borne viruses, six of which circulate in the U.S.A. (Calisher, 1983; LeDuc, 1979) .
La Crosse (LAC) and showshoe hare (SSH) viruses cause disease in humans (Kappus et al., 1983) . LAC encephalitis is an important arbovirus disease of children in the U.S.A. A third virus, Jamestown Canyon, has also been incriminated as a cause of human disease (Kappus et al., 1983) . Humans are incidental hosts of these viruses. Each virus is maintained in a cycle consisting of a vertebrate host and mosquito vector (LeDuc, 1979) . The primary vector of LAC virus is Aedes triseriatus. LAC virus is transmitted transovarially by an infected mosquito to her progeny (Watts et al., 1973) , and venereal transmission from infected male progeny to uninfected females occurs also (Thompson & Beaty, 1977) . Transovarial transmission is the mechanism of overwintering of LAC virus in the U.S.A.
Gene segment reassortment is a mechanism by which viruses with differing host range or pathogenicities may evolve. Reassortant bunyaviruses have been isolated from mosquitoes collected in nature (Klimas et al., 1981) . Furthermore, homologous reassortment of LAC virus has been demonstrated in mosquitoes which have been dually infected via intrathoracic inoculation (Beaty et al., 1981) , simultaneous feeding (Beaty et al., 1985; Beaty & Bishop, 1988) , or interrupted feeding (Beaty et aI., 1985; Beaty & Bishop, 1988) . Heterologous reassortment between LAC and SSH viruses has been demonstrated in mosquitoes following intrathoracic inoculation of the two viruses (Beaty et al., 1981) .
In this paper, we demonstrate reassortment of heter- Viruses. The temperature-sensitive (ts) mutant viruses used were described previously (Beaty et al., 1981) . These viruses contain a ts lesion in the M RNA segment (group I, SSH-I-3) or the L RNA segment (group II, LAC-II-5) and will replicate at 33°C (the permissive temperature) but not at 40 °C (the non-permissive temperature). The origin and passage history of wild-type (wt) LAC virus has been described previously (Beaty et al., 1985) . Wild-type virus will replicate efficiently at 33 °C and 40 °C. To prepare stocks of viruses, BHK-21 cells were inoculated with virus at an m.o.i, of0.01. When cells exhibited c.p.e., the culture medium was centrifuged to remove cells, and the supernatant was made 20~ in foetal bovine serum (FBS), divided into aliquots and stored at -70 °C.
Virus assays. Stock virus and experimental samples were titrated and assayed at limiting dilutions (to preclude reassortment/recombination in the assay) for the ts phenotype by two methods: microtitration or plaque assay. For microtitration, serial 10-fold dilutions of the samples were made in cell culture growth medium [MEM Earle's base (MEM-E), containing 7% newborn bovine serum (NBS), 10~ tryptose phosphate broth (TPB), t00 units/ml penicillin and 100 ~tg/ml streptomycin]. Dilutions were added to wells of a 96-well tissue culture plate (50 btl per well). Four to six replicates were plated for each dilution. After dilutions were placed in the plates, BHK-21 cells in growth medium were added (4500 cells per well). For each sample, duplicate plates were made, and incubated at 33 °C and 40 °C. After 4 days of incubation, plates were examined for c.p.e. Titres were calculated by the method of K~rber (1931) and expressed as loga0 TCIDs0/ml.
To assess the potential for reassortment/complementation of ts viruses in the microtitration TCIDs0 assay, a reconstitution experiment was conducted. To approximate the titre in an infected mosquito, 4.0 log~0TCIDs0 per ml of LAC-II-5 and SSH-I-3 ts mutant viruses, respectively, were combined in equal volumes. This suspension was serially diluted (100 to 10 -6 ) and eight replicates of each dilution were assayed in BHK-21 cells at the permissive and non-permissive temperatures. At 33 °C, the titre of the suspension was 4.4 log10 TClDs0 per ml. At 40 °C, c.p.e, was detected only at the 10 ° dilution, and the titre was 1.8 log~o per ml. Thus titres of > 1.8 lOglo TCIDs0 per ml indicate reassortment occurred in the mosquito, not in the cell culture assay.
For plaque assays, serial 10-fold dilutions of virus samples were made in growth medium, and inoculated onto monolayers on Vero cells in sixwell plates (0.2 ml per well). Virus was allowed to adsorb for 1 h, then removed. Monolayers were overlaid with 1% agarose (SeaPlaque, FMC Corporation) in maintenance medium (MEM-E, 4% NBS, 10% TPB, 100 units/ml penicillin and t00 ~tg/ml streptomycin), and plates were incubated for 5 days. To visualize plaques, monolayers were fixed and stained with crystal violet (0-25% w/v in 20% methanol). Titres were calculated (K/irber, 1931) and expressed as p.f.u./ml. (i) Oral infection of mosquitoes. To determine the ability of SSH-I-3 and LAC-II-5 viruses to reassort after natural vector infection via simultaneous or interrupted feeding, A. triseriatus mosquitoes were infected with virus orally by feeding on artificial blood-meals containing newly propagated (unfrozen) virus. Stock viruses were inoculated into BHK-21 cell monolayers at an m.o.i, of 0.01. When cells exhibited c.p.e., cells and culture medium were removed from the flask and combined in equal parts with washed human red blood cells and FBS containing 10% sucrose. Drops of the infectious blood-meal were placed onto the nylon netting covering the cages, and mosquitoes were allowed to feed directly from the drops. For simultaneous infection with the two viruses, freshly propagated virus was mixed in equal volumes and then added to the remainder of the meal components. For interrupted feeding, mosquitoes were permitted to engorge partially on a meal containing LAC-II-5 virus. After approximately 1 h, they were allowed to feed to repletion on a meal containing either wt LAC or SSH-I-3 virus. Control mosquitoes were permitted to ingest either one of the two ts mutant viruses. Following oral infection with virus, mosquitoes were held for 2 weeks extrinsic incubation, then triturated in 1 ml of tissue culture medium, and assayed for the non-ts virus phenotype in a microtitration assay at the permissive and nonpermissive temperatures.
Infection and processing of mosquitoes
(ii) Intrathoracic inoculation of mosquitoes. To determine the anatomical and physiological determinants of viral reassortment, mosquitoes were infected with virus by intrathoracic inoculation. Stock viruses were diluted to equal titres in phosphate-buffered saline (PBS), and mixed together. Female A. triseriatus mosquitoes were inoculated with approximately 30 TCIDs0 of the mixed virus preparation. Control mosquitoes were inoculated with either LAC-II-5 or SSH-I-3 virus (30 TClDs0). Mosquitoes were then permitted to ingest or not to ingest blood-meals, which stimulate gonadotrophic hormones and ovarian development (Anderson & Spielman, 1971) , to determine whether the physiological state of the vector influenced reassortment potential.
In the first experiment, mosquitoes were inoculated with the two ts mutant viruses and ingested a blood-meal from an adult mouse on day 7 post-inoculation (p.i.) and/or day 14 p.i. On either day 14 or 21 p.i., mosquitoes were dissected. The ovaries were removed, washed three times in PBS containing 10~ FBS, and triturated. Body remnants were also triturated. Ovaries and body remnants were assayed for the presence of non-ts virus in a plaque assay at the permissive and nonpermissive temperatures. Mosquitoes were divided into five groups according to the number of blood-meals they had received and time of extrinsic incubation. The five groups were: group 1, no blood-meal, harvested 14 days p.i.; group 2, blood-fed once on day 7 p.i. and harvested 14 days p.i.; grouv3, blood-fed twice, on days 7 and 14 p.i. and harvested 21 days p.i.; group 4, blood-fed 14 days p.i. and harvested 21 days p.i. ; group 5, no blood meal, harvested 21 days p.i.
In the second experiment, following intrathoracic inoculation, mosquitoes were placed into a colony cage with male mosquitoes for mating. An adult mouse was provided as a blood source on days 6, 14 and 21 p.i. Following each feeding, unengorged females were removed and placed in individual cages. Engorged females were offered an oviposition dish 3 days after each feeding. Eggs were collected, airdried for 24 h, and stored in a humidified box at room temperature. On day 28 p.i., all mosquitoes were dissected, and the ovaries removed, washed and triturated as described above. Ovaries and body remnants were assayed for the presence of non-ts virus by plaque assay as described above. Mosquitoes from this experiment were divided into four groups according to the number of blood-meals taken : group 1, no blood-meal, harvested 28 days p.i. ; group 2, blood-fed once on day 6 p.i. and harvested 28 days p.i. ; group 3, blood-fed twice, on days 6 and 14 p.i. and harvested 28 days p.i. ; group 4, blood-fed three times, on days 6, 14 and 21 p.i. and harvested 28 days p.i.
Transovarial transmission studies. Eggs of the second oviposition (OP2) were hatched twice, at 4 months and at 6 months after OP. Progeny female mosquitoes were assayed for the presence of virus by removing one leg, which was then examined for virus antigen by a direct fluorescent antibody technique (Thompson & Beaty, 1977) using polyclonal mouse anti-LAC antibody conjugated to fluorescein isothiocyanate. Only virus-infected mosquitoes were used for transmission studies described in the next section.
Oral transmission studies. Infected female progeny mosquitoes were placed in individual cages, and each mosquito was permitted to feed upon a 2-day-old mouse. Following engorgement, each mosquito was triturated in 1 ml of tissue culture medium and held at -70 °C until assay. Mice were held for observation. Moribund mice were euthanized and stored at -70 °C. On the day of assay, mice were thawed, and brains were removed with a needle and syringe, homogenized with a mortar and pestle, and made into a 10~ suspension in PBS containing 20% FBS. Brain suspensions were assayed for the non-ts phenotype in a plaque assay.
Oligonucleotide fingerprinting. Oligonucleotide fingerprinting was used to determine the genotype of putative reassortant viruses. Three samples that yielded viruses with non-ts phenotype by plaque assay were fingerprinted. These viruses were from: the ovary of female no. 12 that had been dually infected by inoculation, from progeny mosquito no. 6 and from mouse no. 6 that had been fed upon by progeny mosquito no. 6. Viruses were diluted in culture medium and inoculated onto confluent monolayers of BHK-21 cells in 75 cm 2 tissue culture flasks containing 2 x 106 cells per flask at an m.o.i, of 0.1. Viruses were allowed to replicate at 40 °C until the cells exhibited 75~ c.p.e. Cells and culture medium were then poured into centrifuge tubes, and the cells were removed by centrifuging at 1500 g for 10 min. The supernatant was removed and stored at -70 °C. Supernatant virus was reinoculated into BHK-21 cells (mo.i. of 0-1 to 1-0). Virus was allowed to replicate at either 33 °C (SSH-1-3 and LAC-II-5 controls) for 36 h, or 40 °C (experimental samples) for 24 h. The virus was then purified and its genotype was determined by oligonucleotide fingerprinting as previously described (Baldridge et al., 1989) .
Results

Reassortment of viruses after oral injection of mosquitoes
Simultaneous oral infection of mosquitoes with LAC-II-5 and SSH-I-3 viruses resulted in high frequency reassortment. Of the 15 mosquitoes that contained virus detectable at the permissive temperature, nine (60%) also contained non-ts virus (Table 1) . None of the mosquitoes infected with LAC-II-5 (n = 15) or SSH-I-3 (n = 15) alone contained non-ts virus, indicating that the ts virus remained phenotypically stable (data not shown).
In the interrupted feeding experiments, control mosquitoes were first allowed to ingest the ts virus and then a wt virus. Of seven mosquitoes assayed, wt virus was isolated from four (57~), indicating that superinfection could occur (Table 2) . When mosquitoes ingested LAC- LAC-II-5, then LAC wt 7/7 (100) 4/7 (57) LAC-II-5, then SSH-I-3 5/5 (100) 4/5 (80) 1I-5 followed by SSH-I-3, high frequency reassortment also occurred (Table 2) . Of the five mosquitoes processed, all were infected and four (80 %) contained non-ts virus. Thus, high frequency reassortment between heterologous California group viruses occurred subsequent to dual infection via interrupted feeding of mosquitoes.
Anatomical and physiological determinants of virus reassortment
Reassortment of LAC-II-5 and SSH-I-3 viruses was detected in both body remnants and ovarian tissues ( Fig.  1 a and b) . Non-ts virus was isolated from 90~ (nine of 10) of mosquitoes dually infected with SSH-I-3 and LAC-II-5. In mosquitoes that did not ingest a blood-meal (groups 1 and 5), 94% yielded non-ts virus from body remnants, but only 10% (two of 20) contained non-ts virus in the ovaries (Fig. 1 a and b) . In mosquitoes that had ingested one or two blood-meals (groups 2, 4 and 5), 90~ (19/21) yielded non-ts virus from body remnants (Fig. 1 a) and 70% (12/17) contained non-ts virus in the ovaries (Fig. l b) . Viral infection and replication in ovarian tissues was enhanced by ingestion of bloodmeals. Mosquitoes not fed blood generally contained lower titres than fed flies, both in body remnants ( Fig.  la) and ovaries (Fig. lb) . Overall titres of virus in mosquitoes decreased with time ( Fig. 1 a and b) . Non-ts virus was not detected in mosquitoes inoculated with SSH-I-3 or LAC-II-5 viruses and incubated for 21 days (n = 5) respectively. In the second experiment, 200 adult female mosquitoes were inoculated with the mixture of LAC-1I-5 and SSH-I-3 viruses. Of these 200, 35 survived to 28 days p.i., five in group 1, 10 in group 2, five in group 3, and 14 in group 4. All mosquitoes contained virus in the ovaries as well as in body remnants (Table 3) . However, in group 1 mosquitoes, which had not ingested a blood-meal, non-ts virus was not detected in the ovaries of five mosquitoes; non-ts virus was isolated from the body of one mosquito. In groups 2, 3 and 4, non-ts virus was detected more frequently in body remnants and in ovaries. This confirmed the results of the previous experiment and demonstrated the importance of blood-meals and presumably ovarian activity for generation of reassortant viruses. Non-ts virus was not detectable in the mosquitoes inoculated with either LAC-II-5 or SSH-I-3 alone (Table 3) .
Transmission of reassortant virus to progeny mosquitoes
A total of 495 female progeny emerged from the first hatching of the eggs. Of these, 37 (7-4%) contained viral antigen. Transmission of virus to mice was attempted with all of these mosquitoes and was successful with 16. Of the 37 virus-infected mosquitoes, 35 survived to the time of assay. Of these 35, six (14.2%) yielded non-ts (reassortant) virus (no. 6, 16, 24, 26 and 29; Table 4 ). Two of these (no. 6 and 16) transmitted non-ts virus to mice (Table 4) . One mouse yielded non-ts virus; the other mouse was not assayed.
From the second hatching of the same eggs, 532 female mosquitoes were obtained. Of these, 29 (5-45%) were infected and 23 survived to the time of assay. Transmission of virus to mice was successful with all 23 of these mosquitoes. Of these 23 mosquitoes, one (no. 38) yielded wt (reassortant) virus and transmitted this virus to a mouse (Table 4) .
Oligonucleotide fingerprinting
The genotypes of LAC-II-5 and SSH-I-3 stock viruses and three viruses from experimental samples were determined by oligonucleotide fingerprinting (Fig. 2) . From these oligonucleotide fingerprints, the genotypes were determined to be: female no. 12, S/L/L; progeny female no. 6, S/L/S; and mouse no. 6 (transmitted by female no. 6), S/L/S. 
Discussion
We have demonstrated gene segment reassortment of two heterologous California group bunyaviruses during mixed infection of mosquitoes. Reassortment occurred following oral infection by two viruses ingested simultaneously or asynchronously via interrupted feeding. Newly generated virus types were transmitted vertically to progeny by female mosquitoes infected intrathoracically. Finally, infected progeny were able to transmit the reassortant virus horizontally to susceptible hosts. These results confirm those obtained previously with two ts mutants of LAC virus (homologous reassortment: Beaty et al., 1981 Beaty et al., , 1985 Beaty & Bishop, 1988) . The ovaries of the mosquito appear to be an important site for viral replication and subsequent gene segment reassortment. Viral titres and level of reassortment were highest in mosquitoes which had received one or two blood-meals ( Fig. 1 a and b) . The ovaries of mosquitoes are very active metabolically following a blood-meal. Nutrients are being transported into the oocyte for development (Anderson & Spielman, 1971) , which may facilitate virus entry and/or replication in the ovaries. Thus the ovaries may serve as the site for evolution of new virus genotypes. This is important epidemiologically, because the viruses may be transmitted transovarially to progeny mosquitoes.
Because several California group virus cycles are sympatric in nature, mosquitoes may ingest different viruses. Some species of mosquitoes, such as A. triseriatus, are catholic in their feeding habits. This may permit dual infection of mosquitoes and reassortment of viral RNA segments. Reassortment of segments may be a means of evolution for viruses with segmented genomes. For some viruses, evolution via reassortment may result in changes in host range and/or pathogenicity of the virus. The potential for virus evolution by gene segment reassortment in nature and the phylogenetic constraints on reassortment remain to be determined.
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